The poor reliability of GeO2/Ge stack is improved by appropriate cation (e.g. Sc or Y) doping into GeO2 and it is considered to be thanks to the enhancement of GeO2 network rigidity. We discuss the impact of cation doping on structural modulation of GeO2 on Ge substrate in the thermal treatment. By doping a small amount of Y into GeO2, the crystallization of GeO2 from amorphous to -quartz structure is efficiently suppressed. It is a direct evidence of modulation of GeO2 network rigidity by the cation doping.
Introduction
Ge has been proposed as a candidate for high performance CMOS channel materials due to its high electron and hole mobility values in bulk Ge. Recently high performance Ge MOSFETs with GeO2/Ge gate stack formed only by oxidation have been reported from many groups [1, 2] . These gate stacks initially exhibit good properties even without forming gas anneal (FGA), but they have exhibited a poor reliability of gate stacks (for example, the trap generation by electric stress) [3] . On the other hand, in SiO2/Si stacks, it is well known that FGA is needed to achieve excellent initial properties but the longterm reliability is excellent. We have considered that the difference between GeO2/Ge and SiO2/Si may come from a difference of the oxide network flexibility. Therefore, we have proposed the network rigidity model based on the trade-off relationship between initial properties and long-term reliability [4] . According to this view, a toughening of amorphous GeO2 network is required to improve the reliability of Ge gate stacks as shown in Fig. 1(a) .
We have also demonstrated that the cation doping into GeO2 substantially improves a long-term reliability in terms of the Dit generation ( Fig. 1(b) ), [5] . So, it is inferred that the fragile amorphous GeO2 network is strengthened by the cation doping. In this work, we investigate an impact of cation doping into GeO2 on the amorphous GeO2 network through a couple of physical analyses of cation-doped GeO2 films.
Experiment 270-nm-thick GeO2/ or Y-doped GeO2 (YGO)/Ge (100) stacks were prepared by rf-sputtering of GeO2 or rf-co-sputtering of GeO2 and Y2O3 on chemically cleaned Ge(100) substrate, respectively. The samples were thermally annealed in ultra-high vacuum chamber (base pressure: ~10 -8 Pa) at 660 o C for 1, 5 or 15 min. The crystal phase, crystallinity and local bond structure were analyzed by XRD, Raman spectroscopy, and FT-IR measurements. Cu K Xray source was used for XRD analysis, Ar laser ( = 488 nm) was used for Raman spectroscopy measurement, and FT-IR measurement was carried out in the vertical incident mode. Figure 2 shows typical XRD profiles of annealed GeO2 and YGO films. Both GeO2 and YGO films do not exhibit diffraction peak caused by crystallization in 1 min annealing, while it is clearly noticed that GeO2 film is well crystallized in 15 min annealing. The diffraction peaks from crystallized GeO2 are assigned to -quartz structure [6], which is consistent with our previous work [7] . On the other hand, 6% and 12 % (in the ratio of cation) doped-YGO films are not crystallized even in 15 min annealing. This result suggests that YGO films remain amorphous structure by annealing at 660 o C for 15 min. Local structure of GeO2 and YGO films were analyzed by Raman spectroscopy and IR absorption measurement as shown in Figs. 3 and 4. It is known that the Raman shift assigned to -quartz structure of GeO2 is observed around 450 cm -1 [8] , and this Raman shift is observed in all GeO2 and YGO films, which suggests that all films (including as-deposited films) locally have -quartz structure. The Raman peak of GeO2 film becomes sharper and its intensity becomes stronger in the increase of annealing time, whereas Raman spectrum of YGO film is not obviously modulated.
Results and discussion

Impact of Y-doping into GeO2 on structural modulation of GeO2
In the FT-IR measurements, all GeO2 and YGO films show the absorption peak around 870 cm -1 , as shown in Fig. 4 . The absorption peak is assigned to the asymmetric stretching mode of Ge-O-Ge in tetrahedral GeO2 network [8] . In the increase of annealing time, the absorption peak from GeO2 becomes steeper and other steep absorption peaks appear around 500-600 cm -1 assigned to the symmetric stretching mode of Ge-O-Ge, which indicates ordering of local bonding structure. Furthermore, there is a slight peak energy shift by annealing, but a drastic modulation of the local bonding structure is not detected in YGO films, which means the randomness of local bond angle is not modulated by the thermal annealing. These results are also in good agreement with results in XRD and Raman spectroscopy measurements.
These all structural analyses of XRD, Raman spectroscopy and IR absorption consistently indicate that pure GeO2 on Ge are gradually crystallized in -quartz structure, whereas 6% and 12% YGO on Ge remain amorphous structure in the annealing at 660 o C.
Impact of Y-doping on amorphous GeO2 network
Next, we discuss an impact of Y-doping on GeO2 network. It is known that crystallization of GeO2 is triggered by GeO desorption [7] and Y-doping into GeO2 effectively suppresses the GeO desorption [9] . Since GeO desorption from GeO2 film is mainly caused by the O vacancy diffusion from GeO2/Ge interface [10] , amorphous GeO2 network is partially broken in GeO-desorbed GeO2 film. Thus, it is inferred that a bond breaking in GeO2 network due to the O vacancy diffusion causes the local network stabilization leading to the crystallized form, and that one of main roles of Y-doping is the suppression of O vacancy diffusion in amorphous GeO2 network.
Furthermore, we would like to focus another impact of Y-doping on the rigidity of amorphous GeO2 network associated to local network configuration. To compare GeO2 and YGO including O vacancy effect, we investigated the correlation Fig. 2 Typical XRD profiles of 270-nm-thick GeO2 and YGO in 660 o C annealing in ultra-high vacuum chamber for 1 or 15 min. GeO2 is crystallized into -quartz structure with increasing annealing time by 15 min, whereas obvious diffraction peak due to crystallization is not observed. o C. Both of GeO2 and YGO have GeO4 tetrahedral structure. The reduction of absorption peak width of GeO2 by annealing is caused by tightening of local bond angle distribution, which corresponds to crystallization into -quartz structure.
between total amount desorbed GeO and crystallization of GeO2 and YGO. The total amount of desorbed GeO was estimated by integrating GeO desorption rate measured by the thermal desorption spectrometer (TDS) as shown in Fig. 5 (a) and (b) . Figure 6 shows the relationship between total amount of desorbed GeO and XRD peak intensity assigned to -quartz structure GeO2. It is clearly shown that YGO is hard to crystallize compared with GeO2 even in the case that the total amount of desorbed GeO is the same. Namely, this result suggest that the Ydoping in GeO2 contributes to the stabilization of amorphous GeO2 network by increase of average coordination number in addition to the suppression of GeO desorption.
The results in this work experimentally support the network rigidity model [4] and it is concluded that toughening of the oxide network by appropriate cation doping is useful for designing gate stacks of Ge and new semiconductor materials.
Conclusion
Crystallization of GeO2 on Ge to -quartz structure in the thermal treatment is efficiently suppressed by the appropriate cation doping. It is understandable from toughening of amorphous GeO2 network structure by cations. From the viewpoint of Ge gate stack design, the design of network structure rather together with that of the bond strength will be a key. Fig. 6 the relationship between total amount of desorbed GeO and XRD peak intensity of (101) -quartz GeO2. The diffraction peak is observed around 2 = 26 o shown in Fig. 2 . It is obvious that YGO is hard to crystallize compared with GeO2 even if GeO is desorbed from YGO/Ge stack. 
